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Abstract 
This article studies rising velocity of Taylor bubbles and liquid slugs in liquid nitrogen at different axial positions in upward 
inclined tubes by means of a high speed motion analyzer. The bottom-closed tubes in the experiments are 1.0 m long with an 
inner diameter of 0.014 m or 0.018 m. The tube inclines upward from 0q to 50q with respect to the normal. Statistical method is 
used to analyze the data of the Taylor bubble and the liquid slug velocity. Reflecting the effects of the inclination angle on the 
rising velocity of Taylor bubbles and liquid slugs, the experimental results indicate the similar trend the Taylor bubble velocity 
and the liquid slug velocity have: it increases first, and then decreases with the increase of the inclination angle. Moreover, with 
the increase of the inclination angle, the liquid slug velocity becomes greater than Taylor bubble velocity.  
Keywords: cryogenic two-phase flow; rising velocity; high speed motion analyzer; liquid nitrogen; Taylor bubble; liquid slug; 
inclined tube 
1. Introduction1
Gas-liquid two-phase slug flow is inherently un-
steady and highly complicated. It is characterized by 
long bullet-shaped bubbles separated by liquid slugs 
that may teem with small dispersed bubbles. Slug flow 
has found wide applications in variety of industries 
inclusive of transportation and handling of cryogenic 
fluids. 
With rapid development of aerospace technology, 
cryogenic propellants are broadly used in rockets. In 
cryogenic engineering, the heat leak, the common 
phenomenon in conveyor and storage system of cryo-
genic liquid, unavoidably gives birth to cryogenic 
two-phase flow, which causes many troubles, such as 
pressure calculation, stable operation, stratification, 
geysers and eddies[1]. Phenomena pertinent to geysers 
could cause transient pressure surges and high vapor 
flow rates that sometimes might be large enough to 
damage equipment. They pose new problems to the 
application of multi-phase flow theory in the cryogenic 
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engineering. Therefore, ever-increasing rising velocity 
of Taylor bubbles and liquid slugs in upward inclined 
conveying pipes becomes an important issue in cryo-
genic two-phase flow. 
In many industrial applications, gas bubbles are 
trapped within an enclosed channel such as a cylindri-
cal tube. If the ratio of the bubble diameter, d, to the 
tube inner diameter, D, be greater than 0.6, the tube 
diameter becomes the controlling length that domi-
nates the velocity and frontal shape of gas bubbles[2]. 
Bubbles of this type are called Taylor bubbles and tend 
to be bullet-shaped. Between two consecutive Taylor 
bubbles, there is an abundance of liquid with small 
dispersed bubbles. This region is termed liquid slug. 
Taylor bubbles, therefore, occupy most of the cross- 
section of the tube. The surrounding liquid flows 
around the moving bubbles in the form of a thin film. 
A Taylor bubble is composed of two distinctive parts: a 
rounded nose and a cylindrical body surrounded by a 
thin liquid film. Should the length of the slug be more 
than 1.5D, the bubble velocity is independent of the 
Taylor bubble length. A Taylor bubble without fixed 
length in a vertical or inclined tube is still regarded as 
a Taylor bubble. In this case, the Taylor bubble velo- 
city depends upon the tube diameter, inclination angle, 
ș, and the physical properties (density, viscosity, and 
surface tension) of the liquid. 
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Bubble rise in stagnant fluid has long been an inter-
ested subject for extensive study and so far numerous 
publications can be found in the technical literature. In 
his early study, A. H. Gibson [3] discovered that bubble 
rise depends on the size of the bubble itself and the 
size relative to that of the tube. G. Barr[4] investigated 
the effects of bubble size, tube size, and viscosity on 
the bubble velocity. D. T. Dumitrescu [5] proposed the 
following Eq.(1) to calculate the drift velocity, Ud,, of a 
single Taylor bubble in stagnant liquid, when the sur-
face tension ¦4V/('UgD2) < 0.001, where V  is the 
surface tension, 'U the density difference between 
liquid and gas phases, g the gravitational constant. 
           d 0.35U gD              (1) 
R. M. Davies, et al. [6] provided a theoretical founda-
tion to study bubbles in vertical tubes. Based on the 
assumed potential flow, they concluded that the Froude 
number (Fr) could be a constant in a vertical tube. 
Other important studies about bubble rise in vertical 
tubes were carried out by F. P. Betterton[7], H. L. 
Goldsmith, et al.[8], E. T. White, et al.[9], and R. A. S. 
Brown[10] and et al. 
Bubble motion in inclined tubes has been studied by 
some researchers. E. T. White, et al.[9] noticed the in-
fluences of inclination angle on bubble rising velocity. 
E. E. Zukoski[11] studied the influences of inclination 
angle, viscosity and surface tension on the rising ve-
locity. Bubble motion in inclined tubes inclusive of 
vertical and horizontal ones has also been studied by 
other researchers, such as C. C. Maneri, et al.[12], K. H. 
Bendiksen[13], M. E. Weber, et al.[14], B. Crouet, et 
al.[15], I. N. Alves, et al.[16] and R. van Hout, et al.[17-18]. 
All of them have revealed that the bubble velocity first 
increases and then decreases as the inclination angle 
increases. 
From the aforesaid review of the references con-
cerning bubble rise in tubes, it is clear that most of the 
previous work has been devoted to the bubble motion 
in atmospheric temperature and in vertical tubes. For 
the Taylor bubble velocity and liquid slug velocity in 
cryogenic fluids in inclined tubes, could hardly be 
found any available reliable data.  
The present study is meant to perform experimental 
investigation on the Taylor bubble velocity and liquid 
slug velocity in bottom-closed inclined tubes with 
liquid nitrogen as the work medium. 
2. Description of Experiment 
2.1. Experimental apparatus 
Fig.1 shows the sketch of the experimental appara-
tus, which consists of a liquid nitrogen Dewar bottle, a 
test part and a vacuum pump as main components. The 
test part is made of double-layered Pyrex glass, 
which includes an upper tank and a cryogenic convey-
ing tube (test section). The upper tank is 0.4 m long 
with an inner diameter of 0.1 m. The experimental tubes 
are 1.0 m long with inner diameters of 0.014 m and 
0.018 m. The double-layered Pyrex glass can be rotated 
around its axis and fixed at one of inclination angles 
ranging from 0q to 50q with respect to the normal. Vac-
uumized by a vacuum pump to 6 h102 Pa, the vacuum 
interlayer, 0.021 m clearance, functions as a thermal 
insulation to decrease the convection loss of heat.  
 
1üPower supply; 2üLiquid nitrogen Dewar bottle; 3üElectric heating 
rod; 4üPower cord; 5üLiquid nitrogen delivery tube; 6üBall valve; 
7üFlexible tube; 8üUpper tank; 9üVacuum valve; 10üTest section;  
11üVacuum tube; 12üVacuum pump 
Fig.1  Experimental apparatus. 
Stored in a Dewar bottle, the liquid nitrogen heated 
by an electric heating rod is supplied to the test section 
with the help of high-pressure nitrogen gas in the De-
war bottle. The liquid level of the upper tank is con-
trolled between 1.16 m and 1.18 m to ensure the tube 
to be full of liquid nitrogen. Controlled by a power 
switch, the heating is stopped when the liquid level in 
the upper tank reaches about 1.18 m, and started when 
the level approaches 1.16 m. 
2.2. Image processing system 
Fig.2 shows the sketch of the image processing sys-
tem, which is composed of a highspeed motion ana-
lyzer, a monitor, a light source and a computer. The 
highspeed motion analyzer (REDLAKE Motion- 
Pro®X3, 1 280u1 024 pixels resolution, 1 000 frame/s 
with the full resolution) is used together with a lens 
(AI NIKKOR 50/F1.2S) in the experiment, where the 
pixels resolution is 512×512, and the frame rate 1 000 
 
1üComputer; 2üHighspeed motion analyzer; 3üLight; 4üScreen;  
   5üTaylor bubble; 6üVacuum interlayer 
Fig.2  A sketch of image processing system. 
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frame/s. The recorded images are transmitted to the 
computer for further analysis. Two photoflood lamps 
are used as light source with total power of 2 000 W. 
2.3. Experimental condition 
In the process of the experiment, the inclination an-
gle was adjusted in the range of 0q-50q. The positions, 
x, of 20D-70D from the bottom of the tube with an 
inner diameter of 0.014 m and the positions of 20D- 
55D from the bottom of the tube with an inner diame-
ter of 0.018 m were separately measured by using the 
high-speed motion analyzer. 
2.4. Image processing 
Fig.3 shows the determination of the Taylor bubble 
velocity, and Fig.4 the liquid slug velocity through 
image processing. 
 
Fig.3  Determination of Taylor bubble velocity through 
image processing (D = 0.018 m, ș = 45q, frame num-
ber: 10 and 40, f =1 000 frame/s). 
 
Fig.4  Determination of liquid slug velocity through image 
processing. (D = 0.018 m, ș = 45º, frame number: 5 
and 35, f =1 000 frame/s). 
The local propagation bubble velocity of the bubble 
interface is calculated as the shift of the pertinent in-
terface divided by the time elapsed between two dif-
ferent-numbered frames: 
2 1
NTB
x xU
n t
 '               (2) 
where UNTB is the Taylor bubble velocity, x1 the bubble 
nose position of Frame 1n (see Fig.3), x2 the nose posi-
tion of Frame n2 (also see Fig.3). From Figs.3-4, 
n = n2n1, 't =1/f, f is frame rate 
The local propagation slug velocity is also calcu-
lated as the shift of the pertinent interface divided by 
the time elapsed between two different-numbered 
frames: 
       2 1NLS
x xU
n t
 '               (3) 
where UNLS is the liquid slug velocity, x1 the bubble 
tail position of Frame n1 (see Fig.4), x2 the bubble tail 
position of Frame n2 ( also see Fig.4). 
3. Results and Discussion 
3.1. Liquid slug and nitrogen Taylor bubble video-images 
along tubes with various inclination angles 
Fig.5 shows the evolution of nitrogen Taylor bub-
bles along the tube with an inner diameter of 0.018 m 
and various inclination angles, and Fig.6 the same for 
liquid slugs. 
 
Fig.5  Nitrogen Taylor bubble image evolution along tube 
at various inclination angles D = 0.018 m. 
 
Fig.6  Liquid slug image evolution along tube at various 
inclination angles D = 0.018 m. 
From Fig.5, it is obvious that the shape of the nitro-
gen Taylor bubbles undergoes significant change 
along the tube as the inclination angle changes, which 
means that all nitrogen Taylor bubbles are near the 
center of tube with 0q, 10q and 20q inclination, while 
they are near the upper wall of tubes with 30q and 
45q. The nose of Taylor bubbles becomes distorted 
and sharper with the increase of ș. The left images in 
Fig.6 are the bottoms of the leading nitrogen Taylor 
bubbles, and the right the noses of the trailing nitrogen 
Taylor bubbles. Fig.6 indicates that enlarging ș would 
make small bubbles of liquid slug regions nearer to the 
tube upper wall. 
3.2. Taylor bubble velocity along tubes with various 
inclination angles 
Fig.7 presents the measured nitrogen Taylor bubble 
rising velocity as a function of position along the tube 
with an inner diameter of 0.014 m and various inclina-
tion angles, and Fig.8 the same along the tube with an 
inner diameter of 0.018 m. To facilitate the compari-
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son of data from different experiments, the velocity is 
normalized by the velocity calculated by Eq.(1). 
Figs.7-8 indicate that near the tube exit, the rising ve-
locity of Taylor bubble is almost constant at various 
inclination angles. Figs.7-8 show that when ș is 0q, 
10q or 20q, the velocity increases along the tube with 
an inner diameter of 0.014 m. When ș = 30°, it in-
creases to the maximum at x/D = 40, and then de-
creases along the tube. When ș is 45q or 50q, the ve-
locity decreases along the tube. In Figs.7-8, when ș is 
0q, 10q, 20q or 30q, the results are different from those 
of undeveloped air-water slug flow[17-19]. This may 
possibly be attributed to the insufficient development 
of slug flow, the presence of dispersed bubbles in the 
liquid slug region and the refilling of the tube by the 
liquid from upper tank as the liquid slug above the 
region of the nitrogen Taylor bubble is forced out of 
the tube at a certain speed. When ș is 45q or 50°, the 
results are similar with those of undeveloped air-water 
slug flow. This might be sourced back to the inclina-
tion angles. When the inclination angle is large enough, 
the effects of the refilling by the liquid from upper 
tank become too weak to affect the velocity.  
 
Fig.7  Taylor bubble velocity along tube with various incli-
nation angles (D = 0.014 m). 
 
Fig.8  Taylor bubble velocity along tube with various in-
 clination angles (D = 0.018 m). 
Figs.7-8 also show that at different positions along 
the tube with an inner diameter of 0.014 m, the velo- 
city increases first, and then decreases with increase of 
ș. The same is true of the tube with an inner diameter 
of 0.018 m excepting at the exit of the tube. The re-
sults from both tubes are consistent with those from 
inclined tubes[12-16]. When ș = 30º, the velocity reaches 
the maximum at various positions along the tube. The 
possible reason for this is the changes of the force 
condition of the Taylor bubbles. Fig.5 clearly shows 
that increasing ș changes the lateral position of Taylor 
bubble, and distorts its nose, which in turn leads to the 
reduction of resistance. As a result, the Taylor bubble 
velocity increases with ș increasing. When ș > 30q, the 
rapid increase of friction-induced drag force would 
decrease the Taylor bubble velocity. At the exit of the 
tube with an inner diameter of 0.018 m, the velocity 
decreases with the increase of ș as distinct from what 
happens in the inclined tubes. 
Figs.9-10 show the standard deviation (S.D.) of ni-
trogen Taylor bubble rising velocity in the two differ-
ent-sized inclined tubes. From both figures, it is noted 
that the standard deviation is always under 0.13. When 
ș < 30q, the standard deviation is less than that for the 
two tubes with larger inclination angles. This indicates 
a more stable flow condition in the cases with small 
inclination angles. Both figures also show minor varia-
tion in rising velocity between Taylor bubbles. 
 
Fig.9  Standard deviation of nitrogen Taylor bubble rising 
velocity in an inclined tube (D = 0.014 m). 
 
Fig.10  Standard deviation of nitrogen Taylor bubble rising 
velocity in an inclined tube (D = 0.018 m). 
3.3. Liquid slug velocity along tubes with various 
inclination angles 
Figs.11-12 present the measured nitrogen liquid slug 
rising velocity as a function of position along the two 
different-sized tubes with various inclination angles. 
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Fig.11  Liquid slug velocity along tube with various incli-
nation angles (D=0.014 m). 
 
Fig.12  Liquid slug velocity along tube with various incli-
nation angles (D = 0.018 m). 
Figs.11-12 indicate that near the tube exit, the liquid 
slug rising velocity remains almost constant in the 
tubes with various inclination angles. Fig.11 shows 
that when ș is 0°, 10°, 20° or 30°, the velocity in-
creases along the tube with an inner diameter of 
0.014 m. When ș = 45°, the velocity increases first, 
and then decreases along the tube with the peak at 
x/D = 40. When ș = 50°, the velocity almost keeps 
unchanged along the tube. Fig.12 shows that when ș is 
0° or 10°, the velocity increases along the tube with an 
inner diameter of 0.018 m. When ș is 20°, 30°, 45° or 
50°, the velocity increases first and then decreases 
along the tube. When ș is 20°, 30° or 50°, the velocity 
reaches the maximum at x/D = 30. However, when 
ș = 45°, the velocity reaches the maximum at x/D = 40. 
Figs.11-12 also show that at different positions 
along the tube with an inner diameter of 0.014 m, the 
velocity increases first and then decreases with the 
increase of ș at different positions along the tube, 
while the maximum of velocity always occurrs at ș = 20º 
or ș = 30 º. With ș = 45º, the maximum of velocity 
occurs at x/D = 40. For the tube with an inner diameter 
of 0.018 m, the velocity increases first and then de-
creases along the tube with the ș increasing. When 
ș = 30º, the velocity reaches the maximum at various 
positions along the tube. 
Figs.13-14 list the standard deviation of the nitrogen 
liquid slug rising velocity in the inclined tubes. It 
should be noted that the standard deviation of UNLS can 
approach about 0.13 m/s or so, which indicates small 
variation between individual slugs. 
 
Fig.13  Standard deviation of nitrogen liquid slug rising 
velocity in an inclined tube (D = 0.014m). 
 
Fig.14  Standard deviation of nitrogen liquid slug rising 
velocity in an inclined tube (D = 0.018 m). 
3.4. Comparison of Taylor bubble and liquid slug ve-
locities along tubes with various inclination angles 
Table 1 shows the values of UNTB and UNLS mea- 
sured independently at the position of 40D of the tubes 
with various inclination angles. Under the boiling flow 
condition, the expansion of Taylor bubbles should be 
taken into consideration. The experimental data indi-
cate that in the tube with an inner diameter of 0.014 m, 
when ș < 30º, the liquid slug velocity is almost the 
same as the Taylor bubble velocity; when ș > 30º, the 
liquid slug velocity is obviously greater than the Tay-
lor bubble velocity. In the tube with an inner diameter 
of 0.018 m, the liquid slug velocity is almost the same 
as the Taylor bubble velocity in tubes with various 
inclination angles. Once ș > 30º, UNLS is always higher 
than UNTB by several percents. 
Table 1  Taylor bubble and liquid slug velocities along 
tubes with various inclination angles (x/D = 40) 
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4. Conclusions
This article presents an experimental study on the 
evolution of continuous liquid nitrogen boiling flow 
along inclined tubes with inner diameters of 0.014 m 
and 0.018 m. The hydrodynamic and statistical pa-
rameters under study include nitrogen Taylor bubble 
velocity and liquid slug velocity. The measurements 
are made with high speed motion analyzer at different 
positions along the tube.  
The results are introduced as follows: 
Through image analyzing, the whole nitrogen Taylor 
bubble region is found to be near the center of tubes 
with inclination angles of 0º, 10º and 20º, while near 
the upper wall of tubes with 30º and 45º. The small 
liquid slug bubbles are near the upper wall of tubes 
and the smaller the angle, the nearer the bubbles. The 
noses of Taylor bubble become distorted and sharper 
as ș increases and the larger the ș, the more serious the 
distortion and sharpness. 
When the inclination angle is 0°, 10° or 20°, the 
mean nitrogen Taylor bubble velocity increases along 
the tubes. When T  = 30°, the velocity increases first, 
and then decreases along the tube; when T is 45° or 
50°, it decreases. 
At the same position, the Taylor bubble velocity in-
creases first, and then decreases with the inclination 
angle increasing. When T  = 30°, the mean Taylor 
bubble velocity reaches the maximum at all the posi-
tions along the tubes. At the exits of tubes, the nitrogen 
Taylor bubble velocity turns stable despite of different 
inclination angles. 
The effects of the inclination angle on the liquid 
slug velocity vary with different-oriented tubes. At the 
same position, the liquid slug velocity increases first, 
and then decreases with the inclination angle increas-
ing. The maximum of velocity always occurs at ș = 20º 
or 30º. At the exits of the tubes, the nitrogen liquid 
slug velocity turns stable no matter what inclination 
angle the tube has. 
Comparison between the Taylor bubble velocity and 
liquid slug velocity tells us that when ș < 30º, the liq-
uid slug velocity is almost the same as the Taylor bub-
ble velocity and once ș >30º, UNLS is always higher 
than UNTB. 
References 
[1] Hands B A. Problems due to superheating of cryogenic 
liquids. Cryogenics 1988; 28 (12): 823-829. 
[2] Clift R, Grace J R, Weber M E. Bubbles, drops and 
particles. New York: Academic Press, 1978; 26-30. 
[3] Gibson A H. On the motion of long air bubbles in a 
vertical tube. Philosophical Magazine 1913; 26(156): 
952-965. 
[4] Barr G. The air bubble viscometer. Philosophical 
Magazine 1926; (7): 395-405. 
[5] Dumitrescu D T. Strömung an einer luftblase im senk-
rechten rohr. Zeitschrift fĦr Angewandte Mathematik 
and Mechanik 1943; 23(3): 139-149.[in German] 
[6] Davies R M, Taylor G. The mechanics of large bubble 
rising through extended liquids and through liquids in 
tubes. Proceedings of the Royal Society of London, 
Series A. 1950; 200: 375-390. 
[7] Bretherton F P. The motion of long bubbles in tubes. 
Journal of Fluid Mechanics Digital Archive 1961; 10: 
166-188. 
[8] Goldsmith H L, Mason S G . The movement of single 
large bubbles in closed vertical tubes. Journal of Fluid 
Mechanics Digital Archive 1962; 14: 42-58. 
[9] White E T, Beardmore R H. The velocity of rise of 
single cylindrical air bubbles through liquids contained 
in vertical tubes. Chemical Engineering Science 1962; 
17(5): 351-361. 
[10] Brown R A S. The mechanics of large gas bubbles in 
tubes. The Canadian Journal of Chemical Engineering 
1965; 43(5): 217-223. 
[11] Zukoski E E. Influence of viscosity, surface tension, 
and inclination angle on motion on long bubbles in 
closed tubes. Journal of Fluid Mechanics Digital Ar-
chive 1966; 25: 821-837. 
[12] Maneri C C, Zuber N. An experimental study of plane 
bubbles rising at inclination. Int J Multiphase Flow 
1974; 1(5): 623-645. 
[13] Bendiksen K H. An experimental investigation of the 
motion of the long bubble in inclined tubes. Int J Mul-
tiphase Flow 1984; 10(4): 467-483. 
[14] Weber M E, Alarie A, Ryan M E. Velocities of ex-
tended bubbles in inclined tubes. Chemical Engineer-
ing Science 1986; 41(9): 2235-2240. 
[15] Crouet B, Stumolo G S. The effects of surface tension 
and tube inclination on a two-dimensional rising bub-
ble. Journal of Fluid Mechanics Digital Archive 1987; 
184: 1-14. 
[16] Alves I N, Shoham O, Taitel Y. Drift velocity of elon-
gated bubbles in inclined pipes-experimental and mod-
eling. Chemical Engineering Science 1993; 48(17): 
3063-3070. 
[17] van Hout R, Barnea D, Shemer L. Evolution of statis-
tical parameters of gas-liquid slug flow along vertical 
pipes. Int J Multiphase Flow 2001; 27(9): 1579-1602. 
[18] van Hout R, Shemer L, Barnea D. Evolution of hydro-
dynamic and statistical parameters of gas-liquid slug 
flow along inclined pipes. Chemical Engineering Sci-
ence 2003; 58(1): 115-133. 
[19] Talvy C A, Shemer L, Barnea D. On the interaction 
between two consecutive elongated bubbles in a verti-
cal pipe. Int J Multiphase Flow 2000; 26(12): 1905- 
1923. 
Biography:
Zhang Hua  Born in 1977, he received B.S. and M.S. de-
grees from Shanghai Jiao Tong University in 2001 and 2005 
respectively, and then became a Ph.D. candidate at the same 
school. His main research interest lies in multi-phase flow.
E-mail: crazywawa@163.com
 
